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(57) ABSTRACT

An apparatus for detecting a tire having a decreased pressure
based on resonance frequency of tires attached to respective
wheels of a vehicle. The apparatus includes a storage means
for storing information regarding a distribution of resonance
frequencies respectively corresponding to a plurality of air
pressure statuses, an initialization means for estimating a
frequency characteristic of the rotation speed information or
the rotation acceleration information, a frequency estimation
means for estimating a frequency characteristic of the rota-
tion speed information or the rotation acceleration informa-
tion of a running vehicle, and a Bayesian estimation means
for subjecting a tire pressure status at a certain time to a
Bayesian estimation based on the resonance frequency during
the 1nitialization, a resonance frequency at the certain time
obtained from the frequency estimation means, and distribu-
tion-related information stored 1n the storage means.

9 Claims, 7 Drawing Sheets
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APPARATUS, METHOD AND PROGRAM FOR
DETECTING TIRE HAVING DECREASED

PRESSURE USING BAYESIAN ESTIMATION
MEANS

TECHNICAL FIELD

The present invention relates to an apparatus and a method
for detecting a tire having a decreased pressure, and a pro-
gram for detecting a tire having a decreased pressure by
which a tire having a decreased pressure 1s detected based on
the resonance frequency of the tire of a running vehicle.

BACKGROUND ART

One of Tactors required to allow an automobile to run safely
1s a tire air pressure. When the air pressure 1s lower than an
appropriate value, the stable maneuverability or fuel con-
sumption 1s deteriorated, which may cause a tire burst. Thus,
Tire Pressure Monitoring System (1PMS) for detecting a tire
having a decreased pressure to send an alarm to the driver to
prompt an appropriate action 1s an important technique from
the viewpoint of environment protection and driver safety.

A conventional alarm apparatus can be classified into two
types of the direct detection-type one (direct TPMS) and the
indirect detection-type one (indirect TPMS). The direct
TPMS provides a pressure sensor 1n a tire wheel to thereby
directly measure the tire pressure. The direct TPMS can
detect a decrease in the pressure at a high accuracy but
requires exclusive wheels and has a problematic fault-toler-
ance performance 1n an actual environment. Thus, the direct
TPMS 1s still disadvantageous in the technical and cost
aspects.

On the other hand, the indirect TPMS 1s a method of
estimating the air pressure based on the tire rotation informa-
tion. The indirect TPMS can be further classified ito the
Dynamic Loaded Radius (DLR) method and the Resonance
Frequency Mechanism (RFM) method. The DLR method 1s a
method that uses a phenomenon according to which a tire
having a decreased pressure 1n a running vehicle 1s collapsed
and thus the tire has a reduced dynamic loaded radius and 1s
consequently rotated at a higher speed than other tires having
a normal pressure. The DLR method compares the rotation
rates of the four tires to thereby detect a tire having a
decreased pressure. Since this method can use only wheel
rotation speed signals obtained from a wheel speed sensor to
subject the signals to a relatively-easy computation process-
ing, this method has been widely researched mainly for the
purpose of detecting a puncture of one wheel. However, this
method merely makes a relative comparison among wheel
rotation speeds and thus cannot detect a case of four wheels
simultaneous detlation (natural leakage).

Furthermore, a disadvantage 1s caused where a decreased
pressure cannot be accurately detected through all running,
conditions because a difference 1n the wheel speed 1s caused
also by running conditions such as the turning of the vehicle,
the acceleration and deceleration, and an eccentric load.

On the other hand, the RFM method 1s a method to use a
fact that a tire having a decreased pressure has a different
wheel speed signal frequency characteristic to thereby detect
a difference from a normal pressure. In contrast with the DLR
method, the RFM method is an absolute comparison with the
normal values of the respective wheels that are retained in
advance. Thus, the RFM method also can detect a case of four
wheels simultaneous deflation.

Thus, the RFM method attracts attentions as a better indi-
rect detection method. However, the REM method has a dis-
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advantage where some running conditions cause strong noise
for example and thus an estimated frequency value of a target
domain 1s not robust against the vehicle speed and the road
surface situation for example. The present invention relates to
an apparatus for detecting a tire status based on the RFM
method. Hereinafter, the basic principle of this method will be
described 1n more detail.

When the vehicle 1s running, the tires receive a force from
the road surface to thereby cause the torsional motion 1n the
front-and-rear direction and the front-and-rear motion of the
suspension, and these motions have a coupled resonance
vibration. Since this resonance phenomenon also has an intlu-
ence on the wheel rotation motion, a wheel speed signal
obtained from a wheel sensor provided in the Anti-Lock
Braking System (ABS) also includes information related to
the resonance phenomenon. Furthermore, since the coupled
resonance vibration 1s caused 1n a unique vibration mode due
to the tire torsional rigidity, the excitation status thereof
changes so as to depend only on a change in the air pressure
constituting the tire physical characteristic and has a very
small dependence on a change 1n the vehicle speed and a
change 1n the road surface. Specifically, a decreased air pres-

sure causes a change in the dynamics of the tire torsional
motion. Thus, when the wheel speed signal 1s subjected to a
frequency analysis, a peak of the coupled resonance vibration
(resonance peak) appears at the lower frequency-side 1n the
case of a decreased pressure than in the case of a normal
pressure.

FIG. 3 illustrates the result of the analysis by Fast Fourier
Transtform (FFT) of tire vibrations when the air pressure
status 1s a normal pressure (221 kPa), a 15%-decreased pres-
sure from the normal pressure (188 kPa), a 25%-decreased
pressure (166 kPa), and a 40%-decreased pressure (133 kPa).
It can be seen that a frequency corresponding to peak values
ex1isting 1n the vicinity of 25 to 30 Hz (resonance frequency)
moves to the lower frequency-side due to a change in the
internal pressure. This phenomenon appears to be indepen-
dent, due to the above-described characteristic, from the tire
type and the vehicle type, the running speed, and the road
surface situation for example. Thus, the RFM method focuses
on this resonance frequency and 1ssues an alarm when the
frequency 1s relatively lower than a reference frequency esti-
mated during mitialization. Thus, the resonance frequency
must be estimated based on wheel speed signals obtained
from the ABS. However, since 1t 1s difficult to store time-
series data 1n an m-vehicle calculator having a limited calcu-
lation resource, a difficulty 1s caused 1n performing the fre-
quency analysis based on FFI. Due to this reason, the
conventional method was to estimate a resonance frequency
by an on-line method described below.

Since wheel speed signals are obtained as time-series data
at the respective times, the data 1s subjected to a time-series
analysis based on the K-order Autoregressive (AR) model.
Specifically, parameters 6={a,, . . ., a,} in a model repre-
sented by the following formula (1) are estimated by the
Kalman filter (iterative least squares technique).

(1)
y(r) =

]

K
a;y(ir—1)+¢&
=1

In the formula, y (t) represents a wheel speed at the time
t, € represents white noise, and K represents the order of the
model (K=2 can be established when a quadratic model is
assumed 1n order to express a phenomenon such as vibration).
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A Trequency corresponding to a pole of a transier function
representing an AR model 1s estimated as a resonance fre-
quency. Thus, ithe resonance peak can be correctly extracted
based on the model, the resonance frequency can be obtained
correctly.

By the way, the Tire Pressure Monitoring System must
make, based on the sequence of resonance frequencies esti-
mated at the respective times by the conventional method for
example, a final determination as to whether a tire has a
decreased pressure or not. Even when the resonance fre-
quency 1s estimated correctly, the determination regarding the
decreased pressure has two problems as described below.

First, some types of tires and vehicles show a small ditter-
ence 1n the resonance frequency between a normal pressure
and a decreased pressure (heremnaftter, this difference will be
called “pressure decrease sensitivity”. However, this differ-
ence mntends to mean, when the term “resonance frequency”
herein means not a true resonance frequency but frequencies
estimated by the above system such as the AR model, a
difference 1n the average values of the distribution thereof.
Attention must be paid on the point that individual tires have
different tire resonance frequencies due to a production tol-
erance for example even when the tires have the same brand
and on the point that, regardless of the true resonance fre-
quency, the estimate values are dispersed within an estimate
dispersion range due to an influence by noise or the like). In
this case, when the pressure decrease sensitivity 1s lower than
the dispersion of the resonance frequencies, it 1s difficult to
carry out the determination of a decreased pressure accu-
rately. Specifically, there has been a conventionally-used
method of determining a decreased pressure to 1ssue an alarm
when a difference between a reference frequency estimated
during mitialization and a resonance frequency estimated at
the current time 1s larger than a difference amount set in
advance. However, when standard deviation of the distribu-
tion of resonance frequencies estimated at a normal pressure
1s 1 Hz with regard to a tire having a pressure decrease
sensitivity of 3 Hz, any set difference amount may cause a
tailure to 1ssue an alarm when a low reference frequency 1s set
due to the dispersion of running conditions. There 1s also a
possibility of a false alarm when a high reference frequency 1s
set. In other words, when the distribution of estimate reso-
nance frequencies at a normal pressure 1s superposed on the
skirt of the distribution at a decreased pressure, 1t1s difficult to
make an accurate determination in a unique manner. In such
a case, a measure may be considered to reject the estimate
result to pass on the determination of a decreased pressure for
example. However, this 1s not a substantial solution and thus
may cause an inconvenience depending on running condi-
tions.

Secondly, commercially-available passenger vehicles are
generally specified to have default tires of a plurahty of
brands. These tires have different tread patterns, inch sizes,
and tire profiles or the like from one another. The different tire
properties as described above cause a difference 1n the pres-
sure decrease sensitivity and the resonance frequency under
the respective air pressure conditions. However, with regard
to vehicles attached with any of the default tires (which tire 1s
attached to the vehicle 1s unknown to the system), a decreased
tire pressure must be detected by a single alarm system.
Therefore, 1 the stage of the imtialization (which means a
procedure given to the system for a fixed period of time after
the air pressure adjustment to store a resonance irequency in
the normal air pressure status), 1t 1s required to determine
which default tires are attached to the vehicle and to consider
the properties different depending on the tire 1n the stage of
determining a decreased tire pressure.
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When the above two problems simultaneously occur (e.g.,
when a plurality of default tires have highly-dispersed reso-
nance Irequencies or pressure decrease sensitivities), the
determination of a decreased pressure 1s particularly ditficult,
which has been a significant disadvantage hindering the prac-
tical use of an air pressure alarm system based on the RFM

method.

SUMMARY OF INVENTION
Technical Problem

The present invention has been made 1n view of the situa-
tion as described above. It 1s an object of the present invention
to elfectively solve the difficult disadvantages as described
above to provide a method and an apparatus for detecting a
tire having a decreased pressure, and a program for detecting
a tire having a decreased pressure by which the determination
of a decreased pressure can be accurately carried out even
when tires have a small pressure decrease sensitivity or a
plurality of default tires have highly-dispersed resonance ire-
quencies or pressure decrease sensitivities.

Solution to Problem

In accordance with a first aspect of the present invention,
there 1s provided an apparatus for detecting a tire having a
decreased pressure of the present invention (hereinaiter sim-
ply also referred to as “detection apparatus™) based on reso-
nance frequency of tires attached to respective wheels of a
vehicle, characterized in comprising:

a storage means for storing information regarding a distri-
bution of resonance frequencies respectively corresponding
to a plurality of air pressure statuses, the distribution being
learned 1n advance,

an 1nitialization means for estimating, based on rotation
speed 1nformation or rotation acceleration information
regarding the tires at a normal internal pressure, a frequency
characteristic of the rotation speed information or the rotation
acceleration information,

a frequency estimation means for estimating, based on
rotation speed information or rotation acceleration informa-
tion regarding the tires in an running vehicle, a frequency
characteristic of the rotation speed information or the rotation
acceleration information, and

a Bayesian estimation means for subjecting a tire pressure
status at a certain time to a Bayesian estimation based on the
resonance Irequency during the initialization, a resonance
frequency at the certain time obtained from the frequency
estimation means, and distribution-related information stored
in the storage means.

According to the detection apparatus of the present inven-
tion, the distribution-related information learned 1n advance
regarding the distribution of resonance frequencies respec-
tively corresponding to a plurality of air pressure statuses
(e.g., average and dispersion of normal distribution) 1s stored.
The Bayesian estimation means 1s used to subject a tire pres-
sure status at a certain time to Bayesian estimation based on
the resonance frequency during the iitialization, a resonance
frequency at the certain time obtained from the frequency
estimation means, and distribution-related information stored
in the storage means. Thus, even when tires have a small
pressure decrease sensitivity or a plurality of default tires
have highly-dispersed resonance Irequencies or pressure
decrease sensitivities, the determination of a decreased pres-
sure can be carried out accurately.
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In accordance with a second aspect of the present inven-
tion, there 1s provided a method of detecting a tire having a
decreased pressure of the present invention (hereinatter also
referred to as “detection method™) based on resonance fre-
quency of tires attached to respective wheels of a vehicle,
characterized in comprising:

a step of storing information regarding distribution of reso-
nance frequencies respectively corresponding to a plurality of
air pressure statuses, the distribution being learned 1n
advance,

an 1n1itialization step of estimating, based on rotation speed
information or rotation acceleration information regarding
the tires at a normal internal pressure, a frequency character-
istic of the rotation speed information or the rotation accel-
eration information,

a frequency estimation step of estimating, based on rota-
tion speed information or rotation acceleration iformation
regarding the tires 1n a running vehicle, a frequency charac-
teristic of the rotation speed information or the rotation accel-
eration information, and

a Bayesian estimation step ol subjecting a tire pressure
status at a certain time to a Bayesian estimation based on the
resonance Irequency during the initialization, a resonance
frequency at the certain time obtained from the frequency
estimation means, and the distribution-related information
stored 1n the storage step.

In accordance with a third aspect of the present invention,
there 1s provided a program for detecting a tire having a
decreased pressure 1s characterized in causing, 1n order to
detect a tire having a decreased pressure based on the reso-
nance frequency of the tires attached to the respective wheels
ol a vehicle, a computer to function as: a storage means for
storing information regarding a distribution of resonance ire-
quencies respectively corresponding to a plurality of air pres-
sure statuses, the distribution being learned 1n advance; an
initialization means for estimating, based on rotation speed
information or rotation acceleration information regarding
the tires at a normal internal pressure, a frequency character-
istic of the rotation speed mformation or the rotation accel-
eration information; a frequency estimation means for esti-
mating, based on rotation speed information or rotation
acceleration information regarding the tires 1n a running
vehicle, a frequency characteristic of the rotation speed infor-
mation or the rotation acceleration information; and a Baye-
s1an estimation means for subjecting a tire pressure status at a
certain time to a Bayesian estimation based on the resonance
frequency during the 1nitialization, a resonance frequency at
the certain time obtained from the frequency estimation
means, and distribution-related information stored 1n the stor-
age means.

ADVANTAGEOUS EFFECTS OF INVENTION

According to a method and an apparatus for detecting a tire
having a decreased pressure, and a program for detecting a
tire having a decreased pressure of the present invention, the
determination of a decreased pressure can be carried out
accurately even when the tires have a small pressure decrease
sensitivity or a plurality of default tires have highly-dispersed
resonance frequencies or pressure decrease sensitivities.

BRIEF DESCRIPTION OF DRAWINGS

FI1G. 1 1s a block diagram 1llustrating one embodiment of a
detection apparatus of the present invention;

FI1G. 2 1s a block diagram illustrating an electrical configu-
ration of the detection apparatus shown 1n FIG. 1;
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FIG. 3 illustrates how a tire resonance frequency changes
due to a decreased pressure;

FIG. 4 illustrates the distribution of estimate resonance
frequencies obtained by a method previously suggested by
the present applicant (the prior application method) when
there 1s a possibility where two types of tires may be attached
to the vehicle;

FIG. 5 illustrates the distribution of estimate resonance
frequencies obtained by the prior application method when
there 1s a possibility where three types of tires may be
attached to the vehicle;

FIG. 6 illustrates the distribution of estimate resonance
frequencies obtained by the prior application method when
there 1s a possibility where other three types of tires may be
attached to the vehicle; and

FIG. 7 1llustrates the performances of the determination of
a decreased pressure of the detection method of the present
invention and the prior application method.

DESCRIPTION OF EMBODIMENTS

Heremafiter, with reference to the attached drawings, the
tollowing section will describe 1n detaill embodiments of a
method and an apparatus for detecting a tire having a
decreased pressure, and a program for detecting a tire having
a decreased pressure of the present invention.

As shown1n FIG. 1, a detection apparatus according to one
embodiment of the present invention includes normal wheel
speed detection means (rotation speed information detection
means) 1 1n order to detect the rotation speed information of
a left front wheel (FL), a nght front wheel (FR), a leit rear
wheel (RL), and a right rear wheel (RR) of four tires attached
to a four-wheel vehicle. The wheel speed detection means 1 1s
provided so as to be associated with the respective tires.

The wheel speed detection means 1 can be, for example, a
wheel speed sensor that uses an electromagnetic pick up or
the like to generate a rotation pulse to measure, based on the
number of pulses, a rotation angular velocity and a wheel
speed or an angular velocity sensor that uses the rotation as 1n
dynamo to generate power to measure, based on this voltage,
a rotation angular velocity and a wheel speed. The output
from the wheel speed detection means 1 1s given to a control
umt 2 that 1s a computer such as ABS. This control unit 2 1s
connected, for example, to a display unit 3 configured by a
liquid crystal display element, a plasma display element, CRT
or the like for displaying a tire having a decreased pressure, an
initialization button 4 that can be operated by a driver, and an
alarm unit 5 for notilying a driver of a tire having a decreased
pressure.

As shown 1n FIG. 2, the control unit 2 1s composed of: an
I/O mterface 2a required for exchanging signals with an
external apparatus; a CPU 2b functioning as a center of the
computation processing; a ROM 2c¢ storing therein a control
operation program of the CPU 2b; and a RAM 2d 1n which
data 1s temporarily written when the CPU 2b performs a
control operation and from which the written data 1s read out.
The ROM 2c¢ also functions as a storage means for storing a
learning result which will be described later (a result of learn-
ing a distribution of resonance frequencies respectively cor-
responding to a plurality of air pressure statuses in advance by
an experiment runmng or the like).

The wheel speed detection means 1 outputs a pulse signal
corresponding to the number of rotations of a tire (hereinafter
also referred to as “wheel speed pulse”). Then, this wheel
speed pulse can be sampled at a predetermined sampling
cycle AT (second) of AT=0.005 seconds for example to
thereby obtain the time-series data of wheel speed signals.
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The detection apparatus according to the present embodi-
ment 1s mainly composed of: the wheel speed detection
means (rotation speed information detection means) 1; a fre-
quency estimation means for estimating, based on the rotation
speed mformation obtained from the wheel speed detection
means or a rotation acceleration information computed from
the rotation speed information, a frequency characteristic of
the rotation speed information or the rotation acceleration
information; a storage means for storing the result of learning
in advance the distribution of resonance frequencies respec-
tively corresponding to a plurality of air pressure statuses; an
initialization means for estimating, based on rotation speed
information or rotation acceleration information regarding
the tires at a normal 1nternal pressure, a frequency character-
1stic of the rotation speed information or the rotation accel-
cration information; and a Bayesian estimation means for
subjecting a tire pressure status at a certain time to a Bayesian
estimation based on the resonance frequency during the 1ni-
tialization, a resonance frequency at the certain time obtained
from the frequency estimation means, and the learning result
stored 1n the storage means. A program for detecting a tire
having a decreased pressure causes the control unit 2 to func-
tion as the frequency characteristic estimation means, the
storage means, the 1nmitialization means, and the Bayesian
estimation means.

The detection method of the present invention 1s based on
a probabilistic estimation method called “Bayesian estima-
tion”. This method 1s a probabilistic method for estimating a
phenomenon causing the observation based on the resultant
observation information (in other words, a framework han-
dling the so-called inverse problem by a probabilistic
method) and has been conventionally reported i many
examples of the technological applications. For example, a
simple example 1s a “Bayesian spam filter” for determining
whether a recerved e-mail 1s a non-junk mail or a junk mauil.
By allowing a user to give a system the collection of non-junk
mails and the collection of junk mails as a learning data set so
that the system can learn 1n advance a causal relation between
a cause and the observation (generally called “likelihood
function™), the system can estimate the origin of a new
unknown mail. Thus, 1f a mail 1s estimated to be a junk mail
at a high probability, the mail can be subjected to a desirable
processing such as discarding. The similar framework also
has been used for tools for evaluating false-positive results
based on genes extracted from a patient who has a possibility
of a cancer to thereby support amedical determination and the
prognostic prediction, and for individual 1dentification tools
based on face images and the like. Furthermore, a fact has
been widely known that the Kalman filter widely used in the
engineering field i1s equivalent to a method of sequentially
performing the Bayesian estimation when the likelithood
function has a normal distribution (generally called “sequen-
tial Bayesian estimation”). Furthermore, a method also has
been known to estimate, based on the resultant observation
information, a causal relation network existing at the back-
ground (generally called “Bayesian network™) for example.
The framework and derivative technologies have been widely
known for a long time and have many academic documents
and descriptions.

On the other hand, in the Tire Pressure Monitoring System,
as an algorithm for the determination of a decreased pressure,
a method has been used to 1ssue an alarm when a difference
between a reference frequency estimated at the mitialization
and a resonance frequency estimated at the current time
exceeds a difference amount set in advance. However, as
described above, the simple deterministic method as
described above cannot cope with some actual cases. Thus,
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such a probabilistic method 1s required to make an optimal
determination 1n consideration of uncertainties to a plurality
of possibilities based on the probability distribution.

When assuming that a resonance frequency estimated at
the time t1s w,, the air pressure status 1s s, the type of attached
tires is z, the sequence of resonance frequencies at the initial-
ization obtained from the time 1 to t is h>""={w ~*"

{w .
1 y .
w, "}, and the sequence of resonance frequencies at the

detection obtained from thetime 1totish ={w,, ..., w }, then
the posterior probability p(s,lh,, h,~*?) regarding the air pres-
sure status s, to be obtained 1n the present invention 1s sequen-
tially calculated as shown below.

P(rt | et BTP) = 37 plsiet 12 At B2 p(z] A5) 2)

(3)

hg_‘TD) — P(mr—l—l |SI‘—I—15 Z)P(SHl |Z5 hl‘a h?}rﬂ)

: h 2
PGSei1 | 25 Arg plhy)
pleriy | Ste1s 2)
Z P(Seer | $P(Se | 20 ey B
P(hrﬂ)
p(z | hSTP) = p(w [T | 2p| BP) ?
t+1 7/ =

p(hlD)

Specifically, at the initialization, the distribution p(zlh,>**)
of the tires 1s sequentially calculated based on the formula (4).
At the detection, the probability p(s,lh, h,>"") regarding the
alr pressure status s, when assuming that the respective tires
are attached 1s obtained.

Then, regarding the two likelithood functions p(w s, z),
p(w>**|z) appearing in the formulae (3) and (4), an appro-
priate parametric distribution 1s assumed and the parameters
of the distribution are determined in advance based on the
experiment data extracted from an actual vehicle test for
example.

However, since 1t 1s difficult to calculate the denominator
appearing in both of the formulae, the Kalman filter must be
used by assuming the normal distribution in the likelihood
function or an appropriate approximate calculation method
(e.g., aparticle filter or the variational Bayesian method) must
be used. In the present embodiment, the Kalman filter 1s used
to obtain a desired posterior distribution analytically.
Although the normal distribution 1s assumed for the likeli-
hood function, 1t 1s empirically known that resonance ire-
quency estimate values have a normal distribution around the
true tire resonance frequency as a center with a certain range
of dispersion. Thus, this assumption 1s reasonable.

Now, 1t 1s assumed that an average of the distribution of

resonance frequencies at the normal pressure of the respective
tires is U ., the standard deviation is o, an average of the
distribution of resonance frequencies at a decreased pressure
is |'p,» and the standard deviation is o'f,, (NP is an abbre-
viation of Normal Pressure and Def 1s an abbreviation of
Deflation). Here, 1(1=1, . . . , M) 1s an index regarding the tire
type z. The above statistic amount is determined in advance to
have an optimal value based on the experiment data for
example.

At the imtialization, by assuming that the resonance ire-
quency w~’" is obtained at the time t(t=1, . . ., T), the
following Kalman filter algorithm is carried out.

K=PC(CPC+R)™!
xe—x+K(w,P-Cx)

P<—P-KCP
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In the formula, x 1s a Mx1 1nternal status vector, P 1s a MxM
variance-covariance matrix, C is an MxM diagonal matrix
having (U' 5, Worps - - - W p) as an on-diagonal element. R
is an MxM diagonal matrix having (0" v p, O nps - -« s O ap)
as an on-diagonal element. K 1s a Kalman gain. Then, based

on X=(X'rp, . . . , X 'np) assumed by obtaining the resonance

frcqucncy sequence by the final time h,>""={w ", .

2171 the probability at which a tire is attached p(zlh, STD )
1S calculated in the manner as shown below.

(3)

| hSTD)

p(z = EN(@XEPQ {np Tp)

In the formula, m is an average value of resonance frequencies
obtained at the mnitialization and N shows a normal distribu-
tion. 7 1s aregularization term and 1s normalized so as to be 1
by summing up to all 1(1=1, . . ., M).

At the detection, based on the assumption that the reso-
nance frequency m.1s obtained at the time t(t=1, . . . ), the same

Kalman filter algorithm as the above is carried out. However,
X 15 a 2Mx1 1internal status vector, P 1s a 2Mx2M variance-
Ecvariancc matrix. C 1s an 2Mx2M diagonal matrix having
(]J. NTh Defi 3 TRafNT) Def) as an on- dlagcnal clement. R
is an 2Mx2M diagonal matrix having (", », 0" Defi Lo
o pey) @s an on-diagonal element. Then, at an apprcprlatc
dctcrmmatlcn time t, based on the estimated x= (X' vps
X' Defp - - , X X per)» the following probabilities
p(s =NPIz, h h.>**) and p(s =Deflz, h, h,>*") are calcu-
lated.

1 ; 1. . (6a)
p(s; = NP|z, by, h'P) = ?WN(EI:IXNP; iy, Tip)

(6b)

P(S.T — D'Ef | e h’l‘! hgﬂTD) — N(ﬂ_}l Ixﬂgfﬂ #foﬁ G-fo)

Def

In the formulae, m, ., represents an average value of reso-
nance frequencies obtained by the determination time t.

Finally, based on the tire attachment probability p(z/h,>**)
and the probabilities p(s =NPlz, h,, h,~**) and p(s,=Deflz, h.,
h,>*?), the posterior probabilities p(s,=NPlh,, h,”"") and
p(s=Deflh, h,>**) are calculated.

Generally, since the Bayesian estimation requires a high
calculation amount, it 1s frequently not realistic to obtain an

exact solution. However, a fact that resonance frequency esti-
mate values are based on the normal distribution can be used
to assume this distribution for the likelihood function to use
the Kalman filter to thereby analytically obtain an exact solu-
tion only by the computation of a very simple matrix. Thus
even 1n an actual vehicle environment having a limited cal-
culation resource, the present invention can be carried out
casily. The only problem 1s that the calculations of the for-
mulae (35), (6a), and (6b) requiring the evaluation of exponent
functions are relatively heavy. However, 1t 1s sufficient for the
tire attachment probability of the formula (5) to be calculated
once at an end of the 1itialization and thus a prompt on-line
calculation 1s not required. Thus, this problem can be solved
by an implementation in which a background calculation 1s
gradually performed while other processings 1s being per-
tormed for example. Furthermore, the calculation of the pos-
terior probability of the formulae (6a) and (6b) requires, in the
algorithm for determining a decreased pressure 1illustrated
hereinafter, only the comparison of the magnitudes of prob-
abilities, thus not requiring an accurate calculation of an
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exponent function. Specifically, only the logarithms at both
sides of the formulae (6a) and (6b) may be considered and
thus the problem of the calculation load can be solved.

When even the dispersion of resonance frequencies 1n the
same type of tire due to the production tolerance or the like 1s
considered, there 1s caused an excessively-wide dispersion of
likeliness function p (w |s,, z) for which parameters should be
determined in advance. This may cause a case where a desired
performance cannot be achieved depending on the brand of
the tire to be attached. On the other hand, 1t 1s empirically
known that, in the case of the tires of the same brand, the
pressure decrease sensitivity does not significantly change
even when absolute values of resonance frequencies are dii-
terent. Thus, another method also may be considered where
the learning of the likelihood function 1s performed based on
the data of the one type of tire only and, with regard to an
actual vehicle, at the end of the imtialization, the average
value of the likelihood function p(w,ls,, z) 1s offset so as to be
the average value of the resonance frequencies obtained 1n the
initialization w to thereby absorb the differences in the abso-
lute value of resonance frequencies due to the production
tolerance so that a decreased pressure can be effectively deter-
mined based on the difference 1n the pressure decrease sen-
sitivity only. Specifically, after the initialization 1s completed
and the tire attachment probability p(zlh,~*") is calculated
based on the formula (5), an average value of the normal
distribution constituting the likelihood function 1s caused to
change as shown below.

Hfﬂef(_ Hiﬂefl' (- np) (7a)

W nps O (7b)
By performing the above-described invention after offsetting
the average value, a decrease pressure can be determined
based on the distribution of the differences between the aver-
age value w of the resonance frequencies obtained at the
initialization and the resonance frequencies m, obtained at the
detection. This can consequently suppress the deteriorated
performance due to the dispersion of the resonance frequen-
cies among mdividual tires.

I1 the posterior probability p(s,/h,, ®”*") regarding the air
pressure status s, 1s calculated based on the formula (2), the
determination of a decreased pressure can be performed
based on this. For example, an algorithm may be considered
where an alarm 1s 1ssued when s~ at which the probability 1s
highest shows a decreased pressure status at the determina-
tion time T set 1n advance. More specifically, this 1s an algo-
rithm 1n which, when s, takes two values of “normal pressure”™
and “decreased pressure”, then the probability of the normal
pressure 1s compared with the probability of the decreased
pressure to issue an alarm when the probability of the
decreased pressure 1s higher. This 1s also an algorithm 1n
which, when s, takes three values of “normal pressure”,
“slightly-decreased pressure”, and “decreased pressure”,
whether an alarm 1s 1ssued or not 1s determined depending on
the air pressure status having the highest probability.

Alternatively, another algorithm also may be considered
for a case where false alarm 1s more desirably avoided than no
alarm. This algorithm determines whether to 1ssue an alarm or
not based on an expectation value regarding the probability of
an appropriately-defined evaluation function. When the nor-
mal pressure probability of 0.4 and the decreased pressure
probability of 0.6 were calculated for example, the above
method will 1ssue an alarm. However, when an expectation
value 1s calculated by the evaluation function according to
which the utility at which “normal pressure’ 1s determined at
normal pressure 1s 1, the utility at which “decreased pressure”™

ST
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1s erroneously determined at normal pressure 1s —10, the
utility at which “normal pressure™ 1s erroneously determined

at decreased pressure 1s -2, and the utility at which
“decreased pressure” 1s determined at decreased pressureis 1,
then the expected utility to “alarming™ can be calculated as
1x0.4+(-10)x0.4==-3.6 and the expected utility to “no alarm-
ing” can be calculated as -2x0.6+1x0.6==0.6. Thus, even
when the probability of a decreased pressure 1s high, the
utility to “no alarming’ 1s high. Thus, alarming can be passed
over when 1t 1s difficult to avoid a false alarm only by a simple
comparison of probabilities.

EXAMPLE AND COMPARAITVE EXAMPLE

Next, examples of the detection method of the present
invention will be described. However, the present invention 1s
not limited only to examples described hereinaiter.

In order to confirm the effectiveness of the present imven-
tion, the mvention was applied to the actual data extracted
from an actual vehicle experiment and was evaluated. The
data set used was obtained by the vehicle running on general
roads and expressways 1n United States under various condi-
tions (different conditions such as a running time, a road
surface status, a running speed, and a movable load for
example), mcluding 50 types of data (among which 24 types
of data are data under normal pressure conditions and the
remaining 26 types ol data are data under 25 percent-de-
creased pressure conditions). When assuming that arbitrary
one type of normal pressure data (one type among the 24
types) was 1nitialization data, another arbitrary one type of
data (one type among the 50 types) was determination data,
and the remaining 48 types of data were likelithood function
learning data, the determination accuracy when all possible
combinations thereol were evaluated (24x50=1200 evalua-
tions ) was evaluated. Furthermore, as a specific algorithm for
determining a decreased pressure, a simple algorithm was
used according to which s.-at which the posterior probability
p (s,lh,, ®*") was maximum since 15 minutes has passed
after the start of the determination was assumed as the current
alr pressure status.

|Conditions 1]

Two types of tires were used. One of the tires was a 17-inch
tire having a tread width of 2135 millimeters and a tire profile
of 60 percent. The other of the tires was an 18-1nch tire having
a tread width of 225 millimeters and a tire profile of 55
percent. The present inventors have found, based on the result
ol the repetition of actual vehicle experiments or the like, that
the resonance frequencies of the two types of tires were 41.4
Hz and 42.7 Hz, respectively, and showed a change at a
25-percent decreased pressure of 3.0 Hz and 2.4 Hz, respec-
tively. Specifically, these tires have different resonance ire-
quencies at a normal pressure and different pressure decrease
sensitivities and the respective resonance frequencies were
estimated by the method previously-suggested by the present
applicant (the estimation method shown in Japanese Patent
Application No. 2008-129055 (the prior application method).
This method includes: a step of estimating, based on the
rotation speed (or acceleration) information obtained in a step
of regularly detecting tire rotation speed information of the
respective wheels of a vehicle, the frequency characteristic of
the rotation speed (or acceleration) information; and a step of
determining a decrease 1n the tire pressure based on the esti-
mated frequency characteristic. The step of estimating the
frequency characteristic includes: the first step of subjecting
a time-series signal including the rotation speed (or accelera-
tion) mnformation to a time-series estimation to obtain param-
cters of a tertiary or more linear model; the second step of
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estimating, based on the estimated linear model and the rota-
tion speed (or acceleration) information as an output signal of
the linear model, an input signal to the linear model; the third
step of 1dentifying, based on the estimated 1nput signal and
the rotation speed (or acceleration) information, parameters
of a linear model for which the order 1s reduced to the second
order; and the fourth step for estimating, based on the 1den-
tified parameters of the model for which the order 1s reduced
to the second order, a resonance frequency in a tire torsional
direction. Furthermore, 1n a step of determining a decrease 1n
the tire pressure, based on the estimated resonance frequency
in the tire torsional direction, a decrease 1n the tire pressure 1s
determined). The distribution of the resonance frequencies
estimated by this method 1s as shown 1n FIG. 4.

|Conditions 2]

The tires used were changed to three types of tires of a
1’7-1nch tire having a tread width of 215 millimeters and a tire
profile of 60 percent, an 18-1nch tire having a tread width of
225 millimeters and a tire profile of 35 percent, and a 19-inch
tire having a tread width of 245 millimeters and a tire profile
of 45 percent. It was confirmed that these three types of tires
had resonance frequencies of 41.4 Hz, 42.7 Hz, and 44.9 Hz,
respectively, and a change amount in the resonance frequency
ata 25 percent-decreased pressure was 3.0Hz, 2.4 Hz, and 2.6
Hz, respectively. Furthermore, the resonance frequency was
estimated based on the prior application method as in the
above section, the result of which 1s shown 1n FIG. 5.

|Conditions 3]

The tires used were changed to three types of tires of a
16-1nch tire having a tread width of 2235 millimeters and a tire
profile of 35 percent, a 17-inch tire having a tread width of
225 millimeters and a tire profile of 30 percent, and an 18-1nch
tire having a tread width of 245 millimeters and a tire profile
of 40 percent. It was confirmed that these three types of tires
had resonance frequencies of 41.6 Hz, 42.3 Hz, and 40.5 Hz,
respectively, and a change amount in the resonance frequency
ata 25 percent-decreased pressure was 2.1 Hz, 2.1 Hz, and 2.7
Hz, respectively. Furthermore, the resonance frequency was
estimated based on the prior application method as 1n the
above section, the result of which 1s shown 1n FIG. 6.

In the present experiment, 1 a situation where attached
tires are uncertain (a situation where the system-side does not
know which of a plurality of types of default tires specified by
an automobile company 1s attached to the vehicle), the accu-
racy of the determination of a decreased pressure was evalu-
ated, thereby obtaining the result of FI1G. 7. The evaluation 1n
FIG. 7 was carried out based on the correct answer rates to
1200 evaluation conditions different from one another (the
rate of the correct determination (“normal pressure” 1s deter-
mined at “normal pressure” and “decreased pressure” 1s
determined at “decreased pressure’)). The correct answer rate
was calculated based on the number of correct answers to the
1200 conditions. Inthe case of the present invention for which
any ol two types of tires was attached to the vehicle for
example, the correct answer rate was 99.1, which means that
false alarm or no alarm was caused under 11 conditions
among 1200 conditions. In the case of the prior application
method under the same conditions, the correct answer rate
was 71.2, which means that false alarm or no alarm was
caused under 346 conditions among 1200 conditions.

It can be understood that, although the prior application
method cannot show a sufficient performance, the use of the
present invention can substantially provide an appropnate
determination of a decreased pressure. This remarkable dii-
ference in performance between the present invention and the
prior application method 1s due to the reason as shown below.
Specifically, in the case of the method of 1ssuing an alarm
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when a difference between the reference frequency estimated
at the mitialization and the resonance frequency estimated at
the current time exceeds a difference amount set in advance,
the difference amount set in advance has only one value even
when two types of tires have different pressure decrease sen-
sitivities and thus false alarm or no alarm 1s frequently caused
depending on the resonance frequency obtained at the mnitial-
ization. When the resonance frequency obtained at the mnitial-
1ization 1s 42 Hz for example, the difference amount 1s set to
2.5 Hz for example to carry out the determination of a
decreased pressure without considering separately a possibil-
ity where a 17-1inch tire shows a resonance frequency close to
a standard and a possibility where an 18-inch tire shows a
slightly-lower resonance frequency. Thus no alarm 1s 1ssued
when the resonance frequency at the determination 1s 40 Hz,
however, an alarm should be 1ssued when the attached tires
are 18 1nch because a decreased pressure status 1s securely
established. Even in the situation that cannot be handled by
the prior application method as described above, the use of the
present 1nvention can carry out the determination of a
decreased pressure in consideration of a plurality of different
tires attached to the vehicle, thus 1ssuing an alarm securely.

Although the two air pressure statuses were detected to the
two types or three types of tires in the present example, the
same method can be used to carry out the determination of a
decreased pressure even with an increased types of tire or an
increased number of air pressure statuses.

Furthermore, although the calculations shown 1n the for-
mulae (7a) and (7b) are not carried out in the present example,
substantially the same result also can be obtained when the
calculations are carried out.

The mvention claimed 1s:

1. An apparatus for detecting a tire having a decreased
pressure based on resonance frequency of tires attached to
respective wheels of a vehicle, comprising:

a storage means for storing information regarding a distri-
bution of resonance Irequencies respectively corre-
sponding to a plurality of air pressure statuses, the dis-
tribution being learned 1n advance;

an imitialization means for estimating, based on rotation
speed information or rotation acceleration information
regarding the tires at a normal internal pressure, a ire-
quency characteristic of the rotation speed information
or the rotation acceleration information;

a Irequency estimation means for estimating, based on
running rotation speed information or rotation accelera-
tion information regarding the tires 1n a running vehicle,
a frequency characteristic of the rotation speed informa-
tion or the rotation acceleration information; and

a Bayesian estimation means for subjecting a tire pressure
status at a certain time to a Bayesian estimation based on
the resonance frequency during the mitialization, a reso-
nance Irequency at the certain time obtained from the
frequency estimation means, and distribution-related
information stored 1n the storage means.

2. The apparatus for detecting a tire having a decreased

pressure according to claim 1,

wherein the Bayesian estimation means carries out a Baye-
s1an estimation using a Kalman filter.

3. The apparatus for detecting a tire having a decreased

pressure according to claim 1 or 2,

wherein 1n order to reduce an intluence by the dispersion of
resonance frequencies among individual tires, the appa-
ratus 1s configured to change an average value of a nor-
mal distribution constituting a likelithood function used
for the Bayesian estimation.
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4. The apparatus for detecting a tire having a decreased
pressure according to claim 1,

wherein the distribution-related information 1s an average
and a dispersion of a normal distribution.

5. A method of detecting a tire having a decreased pressure
based on resonance frequency of tires attached to respective
wheels of a vehicle, comprising:

a storage step of storing information regarding distribution

of resonance frequencies respectively corresponding to
a plurality of air pressure statuses, the distribution being
learned 1n advance;

an 1itialization step of estimating, based on rotation speed
information or rotation acceleration information regard-
ing the tires at a normal 1nternal pressure, a frequency
characteristic of the rotation speed information or the
rotation acceleration information;

a Trequency estimation step of estimating, based on rota-
tion speed information or rotation acceleration informa-
tion regarding the tires in a running vehicle, a frequency
characteristic of the rotation speed information or the
rotation acceleration information; and

a Bayesian estimation step of subjecting a tire pressure
status at a certain time to a Bayesian estimation based on
the resonance frequency during the mitialization, a reso-
nance frequency at the certain time obtained from the
frequency estimation means, and the distribution-re-
lated 1information stored 1n the storage step.

6. The method of detecting a tire having a decreased pres-

sure according to claim 5,

wherein the Bayesian estimation step carries out a Baye-
s1an estimation using a Kalman filter.

7. The method of detecting a tire having a decreased pres-

sure according to claim 3 or 6,

wherein 1n order to reduce an influence by the dispersion of
resonance Irequencies among individual tires, the
method 1s configured to change an average value of a
normal distribution constituting a likelihood function
used for the Bayesian estimation.

8. The method of detecting a tire having a decreased pres-

sure according to claim 5,

wherein the distribution-related information 1s an average
and a dispersion of a normal distribution.

9. A program for detecting a tire having a decreased pres-
sure which causes, 1n order to detect a tire having a decreased
pressure based on resonance frequency of tires attached to
respective wheels of a vehicle, a computer to function as: a
storage means for storing information regarding a distribution
of resonance frequencies respectively corresponding to a plu-
rality of air pressure statuses, the distribution being learned in
advance; an 1nitialization means for estimating, based on
rotation speed mformation or rotation acceleration informa-
tion regarding the tires at a normal internal pressure, a ire-
quency characteristic of the rotation speed information or the
rotation acceleration information; a frequency estimation
means for estimating, based on rotation speed information or
rotation acceleration information regarding the tires 1n a run-
ning vehicle, a frequency characteristic of the rotation speed
information or the rotation acceleration information; and a
Bayesian estimation means for subjecting a tire pressure sta-
tus at a certain time to a Bayesian estimation based on the
resonance Irequency during the initialization, a resonance
frequency at the certain time obtained from the frequency
estimation means, and distribution-related information stored
in the storage means.
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